Single-shot readout of qubits is required for scalable quantum computing. Nuclear spins are superb quantum memories due to their long coherence times but are difficult to be read out in single shot due to their weak interaction with probes. Here we demonstrate single-shot readout of a weakly coupled 13 C nuclear spin, which is unresolvable in traditional protocols. We use dynamical decoupling pulse sequences to selectively enhance the entanglement between the nuclear spin and a nitrogen-vacancy center electron spin, tuning the weak measurement of the nuclear spin to a strong, projective one. A nuclear spin coupled to the NV center with strength 330 kHz is read out in 200 ms with fidelity 95.5%. This work provides a general protocol for single-shot readout of weakly coupled qubits and therefore largely extends the range of physical systems for scalable quantum computing.
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PACS numbers:
Nuclear spins in solids have been proposed as a promising candidate for quantum computing [1] [2] [3] . Quantum memory with ultra-long coherence times [4] [5] [6] , multipartite entanglement [7] [8] [9] and real-time feedback control [10] have been demonstrated in nuclear spin systems. However, due to their small magnetic moments, it remains challenging to address and read out individual nuclear spins with high fidelity. The initialization and readout of nuclear spins around nitrogen-vacancy (NV) center in diamond, for example, require a mapping gate and an optical pulse on the NV center electron spin be repeated for more than 10 5 times to get a sufficient signal to noise ratio [3, 11] .
Even more challenging is single-shot readout of individual nuclear spins, which is a prerequisite of scalable quantum computing [12, 13] . The key to single-shot readout is to acquire enough information of the quantum state before a random quantum jump event occurs. In previous protocols, a nearby strongly coupled electron spin is employed as an ancillary qubit. The nuclear spin in a state α| ↓ +β| ↑ can be made maximally entangled with the electron spin via a quantum control gate (C n NOT e ), resulting in an entangled state, e.g., α|0 | ↓ + β|1 | ↑ (where {|0 , |1 } are states of electron spin). Then the readout of the electron spin realizes a projective measurement of the nuclear spin (Pauli type-II quantum measurement). Since the electron spin can be rapidly initialized and read out, the process can be repeated many times before the nuclear spin undergoes a quantum jump. Therefore single-shot readout of the nuclear spin is achieved [2, [14] [15] [16] . However, such schemes work only for nuclear spins strongly coupled to the electron spins and therefore their applications are limited to special NV centers that have 13 C spins located within the first few shells. For weakly coupled nuclear spins, the hyperfine coupling is too weak to split the electron spin resonance, so it is unfeasible to apply a selective control pulse on the electron spin conditioned on the nuclear spin state, which is needed to implement an entanglement quantum gate.
A clue to the solution is the scheme of dynamical decoupling (DD) enabled quantum sensing of weakly cou-pled nuclear spins via optically detected magnetic resonance (ODMR) of NV centers in diamond [17] [18] [19] [20] [21] . As illustrated in Fig. 1 , under periodic DD control (a series of flip-flop control), the center spin can selectively accumulate phase from one weakly coupled nuclear spin (the target qubit), and the noises from other nuclear spins are suppressed. Furthermore, the accumulated phase from the target nuclear spin can be controlled by varying the pulse number of the DD sequence. As a result, the bifurcated pathways of the electron spin, which is determined by the state of the target nuclear spin, divert to a large distance and maximum entanglement between the two qubits can be established. Since the maximum entanglement is the key for projective measurement via an ancillary quantum system, we are motivated to apply the DD control for tuning the strength of quantum measurement in general and for realizing the single-shot measurement of a weakly coupled nuclear spin in particular.
The Hamiltonian of NV electron spin and a weakly coupled 13 C nuclear spinÎ under an external magnetic field B is [22, 23] 
where the NV spin-1 S z has eigenstates {|0 , | ± 1 }, γ e = 1.76 × 10 11 T −1 s −1 and γ n = 6.73 × 10
are the gyromagnetic ratios for the electron and nuclear spin, respectively, and A is the hyperfine interaction tensor. This Hamiltonian can be recast into the subspace |0 , | − 1 as
where σ z = | − 1 −1| − |0 0| is the pauli operator, β = A ·Î is the noise operator, H 0 = A 2 ·Î+γ n B·Î = ωn ·Î is the effective Hamiltonian for the 13 C nuclear spin. Note that we have dropped the zero field splitting and Zeeman terms of electron spin since they have no effects in this pure-dephasing model. For a weakly coupled nuclear spin, consider the Carr-Purcell-Meiboom-Gill (CPMG) control with π-flips at time t p = (2p − 1)τ (where 2τ is the interval between pulses and p=1,2,...N), using the Magnus expansion [24, 25] , we obtain the nuclear spin propagator conditioned on the NV electron spin state as
where
and the subscript +(-) denotes the propagator starts from the |0 (|1 )state of the electron spin.
In general, the DD sequence steers the quantum evolution of a target nuclear spin, and the initial state and final states of the target nuclear spin under DD sequence are not the same [8, 23] . Nonetheless, we find that the eigenstates of I ⊥ remain in the same state after the CPMG control with an even pulse number N (see Supplementary Section 1). We denote them as {| ↑ , | ↓ }, which satisfy
where φ = A /(2ω) is the accumulated phase by the nuclear spin during the pulse delay 2τ . Since those nuclear spin states remain the same before and after CPMG sequence, we can repetitively map and readout their quantum states with the help of the ancillary electron spin, and realize the single-shot readout of the target nuclear spin.
Besides the effect of locking the nuclear spin to the {| ↑ , | ↓ } states, the CPMG sequence can tune the measurement strength of the target nuclear spin. The center electron spin, which is first prepared to the superposition state of
(|0 + |1 ), accumulates a phase determined by the state of the target nuclear spin and the pulse number of CPMG sequence, as illustrated in Fig. 1(c) . After N pulse CPMG sequence, the final state of electron spin is
|0 + e −i2N Φ |1 for the nuclear spin | ↑ state. In particular, if the pulse number N is such that 2N Φ = π/2, the final state of the two-qubit system is |0 ↓ or |1 ↑ after the application of a Hadamard gate to the electron spin. Thus, a maximum entanglement between the center electron spin and the target nuclear spin can be established. A subsequent projective measurement on the electron spin will simultaneously collapse the quantum state of the target nuclear spin, which realizes a projective measurement of the target nuclear spin. As a comparison, when the pulse number is small, the nuclear spin is only weakly entangled with the ancillary electron spin, so a projective measurement of the electron spin will only cause partial collapse of the nuclear spin and hence weak measurement on the nuclear spin [10, 26] . We experimentally demonstrate our protocol on an NV center in a high-purity type-IIa diamond. As seen in the ODMR spectrum of the NV center ( Supplementary Fig.  S1 ), there is no apparent splitting due to hyperfine interaction with strongly coupled 13 C nuclear spin. As a confirmation of the absence of strongly coupled 13 C spins, the coherence in Hahn echo (CPMG-1) presents no oscillation features. Under many pulse DD control (CPMG-12), however, the measured coherence presents extended plateau and a number of dips, as shown in Fig.  1(b) . So this NV center does have a few 13 C nuclear spins located nearby but with weak hyperfine interaction. By fitting the CPMG signal from different initial states of the center electron spin The gradually enhanced entanglement between the NV center spin and a certain 13 C nuclear spin is evidenced by the increasing depth of the coherence dip under more and more control pulses. As shown in Fig. 2 , under an external magnetic field of 305 Gauss, when the pulse interval matches the half precession period of an individual nuclear spin (e.g., τ = 456 ns), the accumulated phase in each interval has the same direction, and the coherence dip has increasing depth with increasing the number of intervals. Actually, when the number of pulses N is further increased, the over-shoot evolution of the nuclear spin can cause the disentanglement and hence the recovery of the central spin coherence. This coherence recovery effect unambiguously demonstrates the quantum nature of the noise source, i.e., the 13 C nuclear spin [27] . Maximum entanglement between the electron and nuclear spins is reached when the pulse interval τ and the number of pulses N are such that the central spin coherence exactly vanishes. For a certain target nuclear spin (a fixed τ ), if it is in the fully mixed state with density matrix ρ = 1/2 (not polarized), the NV electron spin coherence shows oscillation behavior when the CPMG pulse number is increased [24] , i.e.,
The oscillation feature of the center spin coherence presented in Fig. 2(c) is due to entanglement and disentanglement with the closest 13 C nuclear spin, which has A ⊥ = 200 kHz and ω = 517 kHz under the magnetic field (305 Gauss). The measured period of coherence oscillate is N =16, which agree well with the theory prediction of N = 2πω/A ⊥ =16.3 (see Supplementary Section 3 for detail).
We utilize the oscillation of the entanglement between the electron and the nuclear spin to tune the strength of quantum measurement of the nuclear spin and realize the single-shot readout. As shown in Fig. 3(a) , by tuning the pulse number of CPMG sequence, a maximum entanglement between the electron spin and the weakly coupled nuclear spin is prepared. A subsequent projection measurement of the electron spin, which is realized by a short optical pulse, causes the quantum state of the target nuclear spin to collapse. After the first cycle of measurement on the electron spin, the nuclear spin randomly collapses to | ↓ or | ↑ , and in subsequent cycles of measurement, it will stay on the same state until a quantum jump occurs. Since the relaxation time (T 1 ) of the 13 C nuclear spin is much longer than the CPMG sequence and the optical readout duration ( ≈ µs), we can repeat many cycles of measurement on the electron spin to accumulate sufficient statistical confidence before the nuclear spin undergoes a random quantum jump. Note the readout result is determined by the first random collapse of the nuclear spin state, so it is a single-shot readout of the target nuclear spin.
Under an external magnetic field of 691 Gauss, we use a CPMG-12 sequence with τ = 248 ns and a following optical pulse (300 ns) to read out the closest nuclear spin (corresponds to the first coherence dip in Fig. 1(b) ). A short waiting interval is added after the readout and reinitialization of electron spin to make the measurement duration matches the precession period of target nuclear spin ( ≈ 1 µs under this magnetic field), see Fig. 3(b) for the pulse sequence. The photon counts in 40,000 cycles (in 189 ms) are summed together to a single data point, which presents the state of the nuclear spin under measurement.
With the single-shot measurement, we are able to directly observe the quantum jumps of the target nuclear spin. Typical photon count trace is shown in Fig. 3(c) . Two distinct values are clearly seen. We associate the high (low) count rate to the | ↑ (| ↓ ) state of the target nuclear spin. Under the magnetic field of B= 691 Gauss along the quantization axis of this NV center, a relaxation time (T 1n ) of about 15 second for both | ↑ and | ↓ states is measured. The initialization and readout fidelity of our single-shot readout protocol is estimated as following [16] . First, two photon count thresholds are introduced to distinguish the nuclear spin | ↑ and | ↓ states, being above 2520 and below 2300, respectively. This way, we prepare the nuclear spin state with a fidelity >99% (for both states) in a single-shot measurement. After that, a subsequent single-shot readout is performed, from which the photon count distributions dependent on the nuclear spin state are extracted. As shown in Fig.  4(a) , the photon count distributions for the nuclear spin state being initialized to the | ↑ and | ↓ states are well distinguished. Then we calculate the readout fidelity by comparing the possibility of successful readout and total readout, in an integration interval determined by the photon count threshold [2, 4, 16] . Fig. 4(b) presents the readout fidelity as a function of the threshold. For a threshold of 2400, which is the maximum overlap between the photon counting distributions for the two nuclear spin states, the readout fidelity is 95.5% (for both | ↑ and | ↓ states). The fidelity can be further improved by increasing the photon collection efficiency and the fidelity of flip pulses. The DD-enabled single-shot readout of a weakly coupled nuclear spin largely extends the range of physical systems for scalable quantum computing. This is especially useful for individually addressing each nuclear qubit in an NV centers weakly coupled to a number of nuclear spin qubits. The nuclear spins can be read out in succession, which can be employed to implement measurement-based entanglement between two nuclear spins, even if there is no direct interaction between them [28] . Meanwhile, as demonstrated in our previous work [23] , the quantum evolution of a target nuclear spin can be steered by an engineered DD sequence, thus all key elements of quantum computing, including initialization, manipulation, and readout, can be realized by DD sequences, while the coherence of the center electron spin is well protected.
In conclusion, we propose and demonstrate a scheme of single-shot readout of a weakly coupled nuclear spin by applying dynamical decoupling on an ancillary electron spin. The protocol can extract the state information of a target nuclear spin while keeping the other nuclear spins untouched. For the selected target nuclear spin, the measurement strength is tunable by adjusting the CPMG number, thus both strong and weak measurement can be achieved for the same system. Weak measurement of a quantum system is of particular interest since the target system can be steered through the back action of sequential weak measurements and real-time feedback [10, 29, 30] , together with the demonstrated strong measurement, it is possible to demonstrate measurement-only quantum computing.
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